1. We have used multiple, simultaneous intra-and extracellular recordings as well as Lucifer yellow dye-fills to identify modulatory commissural neuron 5 (MCN5) and characterize its effects in the stomatogastric nervous system (STNS ) of the crab, Cancer borealis. MCN5 has a soma and neuropilar arborization in the commissural ganglion (COG; Figs. 1 and 2)) and it projects through the inferior esophageal nerve (ion) and stomatogastric nerve (stn) to the stomatogastric ganglion (STG; Figs. l-3 ) .
2. Within the COGS, MCNS receives esophageal rhythm-timed excitation and pyloric rhythm-timed inhibition (Fig. 4) . Additionally, during the lateral teeth protractor phase of the gastric mill rhythm, the pyloric-timed inhibition of MCNS is reduced or eliminated.
3. Intracellular stimulation of MCNS excites the pyloric pacemaker ensemble, including the anterior burster (AB ) , pyloric dilator (PD), and lateral posterior gastric (LPG) neurons. This produces a faster pyloric rhythm. MCNS stimulation also inhibits all nonpacemaker pyloric neurons, reducing or eliminating their activity (Figs. 5 and 6A; Tables 1 and 2 ). After MCNS stimulation, bursting is enhanced for several cycles in some pyloric neurons when compared with their prestimulus activity (Figs. 5 and 6A; Tables 1 and 2). 4. MCNS evokes distinct responses from each pyloric pacemaker neuron . The AB and LPG neurons respond with increased activity. The AB response includes the presence of large amplitude excitatory postsynaptic potentials (EPSPs) that contribute to a depolarization of the trough of its rhythmic oscillations (Fig. 6) . LPG responds by exhibiting increased activity that prolongs the duration of its burst beyond that of AB and PD (Fig.  7) . In contrast, MCNS stimulation initially produces decreased PD neuron activity, followed by a slight enhancement of each PD burst (Figs. 7 and 8) . PD activity is further enhanced after MCN5 stimulation (Figs. 7 and 8) .
5. MCNS-elicited action potentials evoke discrete, constant latency inhibitory postsynaptic potentials (IPSPs) in all nonpacemaker pyloric neurons, including the inferior cardiac (IC), lateral pyloric (LP), pyloric (PY) , and ventricular dilator (VD) neurons (Fig. 9 ). MCNS activity also inhibits these neurons indirectly, via its excitation of the pacemaker neurons. The pyloric pacemaker neurons synaptically inhibit all four nonpacemaker neurons.
6. The increased activity in the VD neuron, after MCNS stimulation, is not mimicked by either direct hyperpolarization or by synaptically inhibiting VD via another pathway (Fig. 10) . The poststimulation increase in IC neuron activity is stronger than that after hyperpolarizing current injection but is comparable with that resulting from stimulation of another inhibitory pathway (Fig. 10) . The enhanced PY neuron activity is comparable with that resulting from either direct current injection or synaptic inhibition from another pathway (Fig. 10) .
7. MCNS activity increases the pyloric cycle frequency of both slow ( < 1 Hz) and fast ( l-2 Hz) rhythms (Fig. 11) ) and it significantly alters the phase relationships that define this motor pattern (Fig. 12 ). These phase relationships change again after MCNS stimulation (Fig. 12) .
8. MCNS acts in concert with the pyloric pacemaker ensemble to elicit a pyloric rhythm that exhibits enhanced pacemaker neuron activity and reduced activity in all nonpacemaker neurons. Additionally, despite their electrical coupling, the three types of pacemaker neurons exhibit distinct responses to MCNS stimulation. This partially uncouples their normally coactive bursts. The resulting motor pattern is distinct from all previously characterized pyloric rhythms.
INTRODUCTION
Neuromodulatory influences enable rhythmically active neural networks to produce multiple activity patterns (Grillner et al. 199 1; Harris-Warrick and Marder 199 1; Pearson 1993; Steriade et al. 1993) . These influences alter the membrane properties and/or synaptic strengths of network neurons, thereby changing one or more aspects of the pattern produced by a network. This includes changes in the intensity and/or timing of the impulse bursts of network neurons as well as in the cycle frequency of the pattern (HarrisWarrick et al. 1992b; Marder 1991; McCormick 1992; Rossign01 and Dubuc 1994; Wang and McCormick 1993) . In some cases, neuromodulation also eliminates or recruits activity in a subset of network neurons ( Arshavsky et al. 1985 ( Arshavsky et al. , 1989 Dickinson and Moulins 1992; Norris et al. 1994a; Sillar and Roberts 1993) .
Neural network modulation, however, has thus far been examined primarily via bath application studies in which individual modulatory transmitters are applied to the isolated nervous system (Harris-Warrick 1993; Harris-Warrick et al. 1992b; Jordan et al. 1992; Lalley et al. 1994; Marder and Weimann 1992; Rossignol and Dubuc 1994; Wang and McCormick 1993) . In some systems, similar but more limited data indicate that activation of different modulatory neurons or pathways also elicits distinct activity patterns from a single network (Berkowitz and Stein 1994; DiCaprio 1990; Harris-Warrick et al. 1992b; McClellan 1983; Mori et al. 1983; Rosen et al. 1991; Simmers and Bush 1983; Susswein and Byrne 1988) .
Identifying the ensemble of modulatory neurons that influence a network and characterizing their individual effects on the output of that network provides a framework for understanding how distinct activity patterns are produced by any single network in the intact animal. Although in some circumstances neural network activity may well be primarily influenced by a single type of projection neuron, it is likely that coactivity in several distinct projection neurons is often involved in the production of behaviorally appropriate motor patterns (Brodfuehrer and Friesen 1986; Nissanov and Eaton 1989; Nissanov et al. 1990; Nusbaum and Kristan 1986) . In most systems, little is known regarding either the number of different CNS inputs that influence a particular neural network, or about the ways in which different inputs influence any single network. One system that is well-suited for identifying and studying the modulatory neurons that influence a rhythmically active neural network is the crustacean stomatogastric nervous system (STNS; Fig. 1A ). The STNS contains a set of interacting neural networks that control the rhythmic movements of the striated muscles in the different regions of the foregut, thereby controlling the ingestion, chewing, and processing of food (Harris-Warrick et al. 1992a; Selverston and Moulins 1987) . The STNS is an extension of the crustacean CNS that contains four ganglia plus their connecting and motor nerves. The four ganglia include the paired commissural ganglia (COGS: each containing -500 neurons), the unpaired esophageal ganglion (OG: containing -14 neurons), and the single stomatogastric ganglion (STG: containing -25 neurons). One of the best described motor patterns in this system is the pyloric rhythm, which is generated by a subset of the STG neurons ( Fig. 1 B) (Selverston and Moulins 1987; Weimann and Marder 1994; Weimann et al. 1991) . The pyloric rhythm is influenced by a number of different neurons that innervate the STG from neighboring ganglia and from the periphery. Anatomic studies indicate that the axons of -45 projection neurons innervate the STG of the crab, Cancer borealis (Coleman et al. 1992) . Because most of these projection neurons originate in the bilaterally symmetrical COGS, there are likely to be fewer than 25 functionally distinct inputs to the crab STG.
More than a dozen neurotransmitters have been localized to the STG inputs (Marder et al. 1994 (Marder et al. , 1995 . When these transmitters are individually bath applied, many of them elicit different pyloric rhythms (Blitz et al. 1995; Harris-Warrick et al. 1992b; Marder and Weimann 1992; Skiebe and Schneider 1994; Weimann et al. 1993) . Several projection neurons that influence the pyloric rhythm have also been previously identified in different crustacean species (Combes et al. 1993; Dickinson and Moulins 1992; Harris-Warrick et al. 1992b; Meyrand et al. 1994; Nagy et al. 1994) , including four such neurons in C. borealis (Coleman and Nusbaum 1994; Coleman et al. 1993; Katz et al. 1989; Nusbaum and Marder 1989a,b) .
In this paper we characterize the influence of the newly identified modulatory commissural neuron 5 (MCN5) on the pyloric rhythm in C. borealis. We have found that intracellular stimulation of MCNS elicits a unique pyloric rhythm in which overall activity in the electrically coupled pyloric pacemaker ensemble is enhanced, thereby increasing the pyloric cycle frequency. Despite this general excitation of the pacemaker neurons, the separate members of this group exhibit distinct responses to MCNS stimulation. All nonpacemaker pyloric neurons are inhibited by MCNS stimulation, resulting in a reduction or elimination of their activity. This sometimes results in a reduced number of active phases during each pyloric cycle. The MCNS synaptic effects that contribute to this pyloric rhythm include discrete postsynaptic potentials (PSPs) and, in some pyloric neurons, long-lasting changes in membrane properties that enhance their bursting after MCNS stimulation. Some of these data have been published previously in abstract form (Norris et al. 1994b; Nusbaum et al. 1992a ).
METHODS

Animals
Cancer borealis were obtained from commercial suppliers (Boston, MA) and from the Marine Biological Laboratory (Woods Hole, MA). Crabs were maintained in recirculating, aerated artificial or natural seawater ( lo-13°C) until used. Data were obtained from a total of 99 animals. Crabs were cold-anesthetized by packing in ice for 20-40 min before dissection. The stomach was then removed and maintained in chilled physiological saline while the STNS was dissected away from the stomach. Solutions C. borealis physiological saline contains (in mM) 440 NaCl, 11 KCl, 26 MgCl*, 13 CaCI,, 10 Trizma base, and 5 maleic acid (pH 7.4-7.6).
Lucifer yellow dye-j& and irnmunocytochemistry Intracellular Lucifer yellow (LY-CH; Sigma) dye-fills were accomplished with the use of microelectrodes (40-80 MR) whose tips were filled with 5% LY in H20. The electrode shaft was filled with 1 M LiCl, with an air bubble separating the two solutions. LY iontophoresis, and subsequent processing for visualization, followed the techniques in Nusbaum et al. (1992b) .
The staining from each LY-fill was enhanced by the use of a polyclonal anti-LY antiserum (gift of J. Y. Kuwada, Dept. of Biology, Univ. of Michigan).
The anti-LY antiserum was visualized with a fluorescein isothiocyanate-conjugated, goat anti-rabbit IgG antibody (Calbiochem)
Processing for LY-immunolabeling in wholemounts was performed as described in Coleman and Nusbaum (1994) . In some whole-mount preparations, LY-fills of MCN5 were viewed and images collected with the use of a Biorad MRC 600 or a Leica TCS-4D laser scanning confocal microscope, equipped with a krypton/argon mixed gas laser. Micrographs were printed with the use of Sony Mavigraph and Tektronix Phaser 440 color printers.
Electrophysiology
All experiments were performed on the isolated STNS ( Fig.  1 ) , which was pinned down in a saline-filled, silicone elastomer (Sylgard; Dow Corning) -lined Petri dish. Preparations were superfused continuously (7-12 ml/min) with physiological saline (lo-13°C). To facilitate intracellular recordings, the STG and COGS were desheathed and viewed with light transmitted through a darkfield condenser (Nikon) Intracellular and extracellular recordings were made with the use of routine methods for the SINS (Selverston and Moulins 1987) . Briefly, intracellular recordings were made with microelectrodes (15-30 MR) filled with 4 M potassium acetate plus 20 mM KCl. Extracellular recordings were made with the use of stainless steel wire electrodes that were pressed into the Sylgard alongside individual nerves and isolated from the bath by petroleum jelly (Vaseline).
Unless otherwise noted, intracellular current injections were made via explicitly unbalanced bridge circuits. In some experiments, current injections were made with the use of an Axoclamp 2A or 2B amplifier (Axon Instruments) in single-electrode, discontinuous current-clamp (DCC ) mode. Sampling rates during DCC ranged from 3.0-5.0 kHz.
Data analysis
Individual STG neurons were identified by their axonal pathways, activity patterns, and interactions with other neurons (Coleman and Nusbaum 1994; Hooper et al. 1986; Norris et al. 1994a; Weimann et al. 1991 Weimann et al. , 1993 . Data were collected directly onto chart recorder paper ( Astromed and stored on videotape (Vetter Instruments). Figures were made by scanning data into a graphics program (CorelDraw, version 3.0) with the use of a Scanjet IIc (Hewlett Packard). Statistical analyses were performed with the use of SigmaStat, version 1.0 (Jandel Scientific). Unless otherwise indicated, data are presented as means + SD. Data were collected from 68 intrasomatic recordings of MCNS.
The MCN5 firing frequency (Hz) during each MCN5 stimulation was determined by counting the number of MCN5 spikes that occurred during a period of several seconds and dividing that number by the duration measured. The mean intraburst firing frequency of each pyloric neuron was calculated by first determining the mean intraburst firing frequency (the number of spikes/burst divided by the duration of that burst) for each of 7-10 consecutive cycles, and then calculating the mean firing frequency for that series of cycles. Phase analysis was performed by designating each pyloric cycle as extending from the onset of a pyloric dilator (PD) neuron burst to the onset of the subsequent PD burst. The phase onset and offset of each pyloric neuron burst was then determined as the fraction of a cycle that had elapsed before the start and finish, respectively, of that burst. Each analyzed experiment included determining the mean values from 7-10 consecutive cycles before, during, and after MCN5 stimulation. Phase relationships for PD, lateral pyloric (LP), inferior cardiac (IC), and ventricular dilator (VD) were measured exclusively from extracellular recordings of the dorsal ventricular nerve (dvn; LP and PD) and medial ventricular nerve (mvlz; IC and VD; Fig. 1B ). Because PY and LPG activity cannot always be clearly resolved in the dvn, some of the PY and LPG phase data comes from extracellular recordings of the pyloric nerve (pyn; Fig. lB) , and some of it comes from intracellular recordings.
RESULTS
Localization of MCN5 soma and axon projection
In most preparations, there are only two neurons in each COG that project through the inferior esophageal nerve (ion)
to innervate the STG (Coleman et al. 1992) . One of these neurons is modulatory commissural neuron 1 (MCNI) (Coleman and Nusbaum 1994). We have found that the other of these ion-projecting neurons is MCNS. The MCN5 soma was commonly located anteromedially, on the dorsal surface of the COG, relatively close to the ion (Figs. 1 and 2). It was often found near the soma. of MCNl.
As shown in Fig. 2 , the MCNS soma is -4'0 pm diam (40 + 1.8 pm; mean -+: SD, II = 4 preparations).
A single neurite (diameter: 3.8 + 0.5 ym; n = 4 preparations) projects from the soma into the anterior region of the COG neuropil, where its diameter expands significantly (16.8 + 1.7 pm; P < 0.01, paired tic potentials (IPSPs) that were time locked to the pyloric rhythm (Fig. 4 , A-C) . The esophageal rhythm-timed excitation of MCNS occurred during the peak of each rhythmic burst in an esophageal motor neuron that is routinely recorded as the largest unit in the ion (Fig. 4A ). The soma of this motor neuron is located in the same region of the COG as the MCNS soma, and it projects through motor nerves that exit from the COG and from the OG (unpublished observations).
This rhythmic excitation of MCNS was often sufficient to enable it to fire brief, esophageal rhythm-timed impulse bursts (Fig. 4A) t-test; n = 4 preparations).
The expanded neurite branches extensively within the neuropil (Fig. 2) . As the main neurite exits the neuropil and enters the ion, its diameter again decreases (7.5 t 0.6 ,um; n = 4 preparations).
Within the COG, the MCNS arborization is restricted primarily to the anterior region of the neuropil. Within this region, however, MCNS branches occur throughout most of the dorsoventral extent of the neuropil. MCNS does not project an axon through any of the COG peripheral nerves nor into either of the commissures.
We used simultaneous intracellular and extracellular recordings to document that MCNS projects through the ion and stomatogastric nerve (stn) to innervate the STG. As shown in Fig. 3 , each action potential elicited in the MCNS soma was followed by a time-locked action potential that occurred first in the ion and then in the stn. These action potentials enter the STG and influence individual STG neurons, as is evident in Fig. 3 from the time-locked excitatory postsynaptic potential (EPSP) that was elicited by each MCN5 action potential in the anterior burster ( AB ) neuron. The AB neuron is one of the pyloric pacemaker neurons (Harris-War-rick et al. 1992a; Selverston and Moulins 1987) . The MCNS action-potential amplitude in the extracellular ion recordings was commonly about one-half the amplitude of the MCNl action potential in this nerve. We never recorded MCNS action potentials in any of the STG motor nerves, nor in the contralateral ion or superior esophageal nerve (son), suggesting that the STG is the only MCNS target outside of its ganglion of origin (Fig. 1) . Additionally, intracellular stimulation of MCNS did not influence the activity of the MCNS in the contralateral COG, nor did it activate either the ipsi-or contralateral MCNl (data not shown).
Rhythmic inputs to MCNS in the COG
Within the COG, MCNS received rhythmic synaptic input that was time locked to three STNS motor patterns, including the esophageal, pyloric, and gastric mill rhythms (Fig. 4) . MCNS received EPSPs that were time locked to the esophageal rhythm (Fig. 4A) , and it rece,ived inhibitory postsynapThe pyloric-timed inhibition occurred during each burst in the pyloric pacemaker neurons, and it was strong enough to rhythmically interrupt ongoing MCNS activity (Fig. 4B) . The AB neuron is the only pyloric pacemaker neuron that projects to the COGS and therefore is likely to be the source of the pyloric-timed inhibition of MCNS. Interestingly, the large-amplitude, pyloric-timed hyperpolarizations in MCNS were rhythmically reduced or eliminated during the CPN2-type gastric mill rhythm (Fig. 4C) , despite the persistence of the pyloric rhythm in the STG (not shown). This gastric mill rhythm is generated in the STG by a subset of STG neurons plus at least two COG projection neurons, MCNl and CPN2 (Coleman and Nusbaum 1994; Norris et al. 1994a; Weimann and Marder 1994; Weimann et al. 1991) . The elimination of the pyloric-timed inhibition in MCNS occurred during the phase of each gastric mill cycle when impulse bursts occurred in CPN2 (not shown) and in the gastric mill protractor neurons, including the lateral gastric (LG) neuron (Fig. 4C) . The source of this reduction in the pyloric-timed inhibition was not determined. However, the pyloric-and gastric mill-timed influences on MCNS originate in the STG, because these influences were eliminated in preparations in which we transected the son (n = 5 preparations). All STG neuron projections to the COG occur via the sons (Coleman et al. 1992) . Additionally, the pylorictimed inhibition of MCNS was eliminated when the pyloric rhythm was suppressed by hyperpolarizing one of the pyloric pacemaker neurons. The esophageal-timed input to MCNS originates in the COG and/or the OG, because it persisted in the son-transected preparations.
MCN.5 activity alters the pyloric rhythm
The pyloric rhythm is a repeating, three-phase motor pattern produced in the STG by a single interneuron (AB) and six types of motor neurons (Hooper et al. 1986; Selverston and Moulins 1987; Weimann et al. 1991) . Each cycle includes sequential bursts of action potentials in different STG neurons (Fig. 1 B) . Cycle onset is defined as beginning with a burst in the electrically coupled pyloric pacemaker ensemble. In the crab the pacemaker ensemble consists of the AB neuron, the paired PD motor neurons and the paired lateral posterior gastric (LPG) motor neurons (Norris et al. 1995; Weimann and Marder 1994; Weimann et al. 1991) . These three neuronal types are coactive during the pyloric rhythm, and they synaptically inhibit all other pyloric neurons. After each burst in the pacemaker neurons, there is a silent period during which all other pyloric neurons recover from pacemaker neuron-elicited inhibition. After this silent period, there is a burst of activitv in the LP and IC constrictor motor neurons, followed by bursts in the pyloric (PY) constrictor and VD motor neurons (Fig. 1B) . Intracellular stimulation of MCNS increased the cycle frequency of ongoing pyloric rhythms and altered the activity level of all pyloric motor neurons. In Fig. 5 the increased pyloric cycle frequency resulting from MCNS stimulation is evident as a decreased time between successive PD neuron bursts in the extracellular recordings of the dvn. During this time, the activity of all nonpacemaker pyloric neurons was either reduced or eliminated, resulting in a faster pyloric rhythm with fewer participating neurons (Fig. 5) . Note also that the number of spikes/burst in the IC, PY, and VD neurons increased significantly, relative to their prestimulation levels, for several cycles following MCNS stimulation ( Fig. 5 ; Table 1 ). PD and LPG activity also was enhanced significantly for several cycles after MCNS stimulation. In contrast, in son-intact preparations, LP was the sole pyloric motor neuron whose activity returned quickly to control levels once MCNS activity was terminated ( Fig. 5 ; Tables 1  and 2 ). However, in son-transected preparations, LP activity was also enhanced after MCNS stimulation (Table 1) .
The MCNS-mediated increase in the pyloric cycle frequency suggested that MCNS excited the pyloric pacemaker ensemble, because these neurons are the primary regulator of the pyloric cycle frequency (Hooper and Marder 1987 maker neurons was the fact that MCN5 activity initiated the pyloric rhythm when it was not already active (n = 8 preparations; data not shown). MCNS activity did indeed excite the AB neuron, producing EPSPs in AB (Figs. 3 and 6) that contributed to the depolarization of the trough of its slow-wave oscillations (Fig. 6) . It was not possible to determine the extent to which MCNS stimulation altered AB impulse activity, because the AB soma is not electrically excitable, and its action potentials are nearly completely decremented when they reach the cell body (see Fig. 6B ).
In preparations where the pyloric rhythm was considerably slower than the one shown in Fig. 6 , MCNS stimulation also increased the amplitude of the peak of each AB oscillation (not shown). MCN5 stimulation also excited LPG, eliciting a significant increase in the number of LPG impulses fired per burst ( Fig.  7 ; Table 1 ). The strength of this excitation grew with each successive pyloric cycle (Fig. 8) . At times, particularly when the sons were transected, MCN5 stimulation elicited a pyloric rhythm in which LPG lost nearly all of its pyloric timing despite the continued rhythmicity of AB (not shown) and PD (Figs. 5 B and 7) . Surprisingly, the intraburst firing frequency of LPG did not change, relative to controls, during its extended bursts (Table 2 ). This excitation of LPG often persisted for at least 10 cycles after MCN5 stimulation ( Fig.  8 ; Table 1 ) . In contrast, the PD neuron response to MCN5 stimulation appeared to include an inhibitory component. Although the mean PD response indicated no change in its activity relative to its control levels (Table 1) ) the cycle-bycycle response suggested that there was an initial inhibitory response that subsequently was overridden by an excitatory response (Fig. 8) . Also suggestive of an inhibitory component to the MCN5 influence on PD is the fact that the first PD burst following each MCN5 stimulation was considerably stronger than those occurring either before or during MCN5 stimulation (Figs. 5B, 7, and 8; Table 1 ) .
The inhibitory effects of MCN5 on the nonpacemaker neurons were evident in all preparations, but they were most pronounced after transection of both sons ( Fig. 523 ; Tables  1 and 2 ). This is presumably because cutting the sons eliminates most other sources of modulatory input to the STG, thereby weakening the pyloric rhythm (Coleman et al. 1992; Marder and Weimann 1992) . We found that, in son-transected preparations, MCN5 firing frequencies ranging from 20 to 30 Hz would often eliminate all activity in IC, LP, PY, and VD (Fig. 5B) . In contrast, when the sons remained intact, comparable MCN5 stimulation significantly reduced but did not necessarily eliminate the activity of all nonpacemaker pyloric neurons. This resulted in a decreased number of spikes per burst in these neurons and, for some neurons, a decreased firing frequency within each burst (Tables 1 and  2 ). The VD neuron tended to be silenced more readily than IC and PY. LP neuron activity was rarely eliminated. For example, MCN5 stimulation completely silenced VD in 24 of 25 preparations in which the sons remained intact, but completely silenced LP only once. In these same preparations, MCN5 also silenced IC and PY in three and four experiments, respectively. The MCNS-mediated inhibition of the nonpacemaker pyloric neurons resulted in their hyperpolarizing to membrane potentials well below spike threshold (Fig. 9A) During MCN5 stimulation, LPG activity continually increased, while PD activity initially was reduced and then gradually increased. After MCN5 stimulation, LPG and PD activity remained elevated for at least 10 cycles. Note the increased activity in PD during the 1st cycle after MCN5 stimulation.
The number of spikes per burst in LPG and PD was measured for 10 cycles before, during, and after MCN5 stimulation (30 cycles total). In each experiment the 10 cycles before stimulation were averaged to determine baseline activity. The activity for each of the 30 cycles was then expressed as a percentage of the baseline. The corresponding cycles from each of the experiments were averaged and are expressed as means t SE. Solid bar at the bottom indicates the time when MCN5 was stimulated. Data are from preparations in which sons were intact. LPG: n = 15 preparations, 32 MCN5 stimulations; PD: n = 10 preparations, 27 MCN5 stimulations.
hyperpolarized by the inhibitory effects of MCNS, the rhythmic inhibitory input that these neurons received from the pyloric pacemaker neurons generally remained evident. These inhibitory effects of MCN5 appeared to be at least partly direct, because every MCN5 action potential elicited a time-locked IPSP in each of the nonpacemaker pyloric neurons (n 2 3 for these neurons; Fig. 9 ). The synaptic response of the IC neuron to MCN5 activity was more complex. Each MCN5 action potential elicited a brief depolarizing potential in IC that was followed immediately by a longer lasting IPSP (Fig. SC) . The brief depolarizing potential in IC was not studied further. The inhibitory effects of MCN5 are probably also partly an indirect result of its excitation of the pyloric pacemaker neurons, because these neurons inhibit all other pyloric neurons (Eisen and Marder 1982; Weimann 1992) . The MCNS-mediated IPSPs in the nonpacemaker neurons are not an indirect result of pacemaker neuron excitation, however, because these IPSPs persisted even when the pacemaker neurons were inactive (e.g., Fig. 6A ).
The increased activity that occurred in the nonpacemaker neurons after MCN5 stimulation might have been either a specific consequence of the MCN5 effects on these neurons, or a general consequence of their being hyperpolarized for an extended period of time. We examined these possibilities in two ways. First, we used single-electrode DCC to determine the response in IC, PY, and VD to prolonged ( 5 -10 s ) hyperpolarizing current injections that held their membrane potential below threshold for spiking. The hyperpolarized M. J. COLEMAN, AND M. P. NUSBAUM holding potentials, which ranged from -60 to -80 mV, were within the range of voltages recorded in these neurons during MCNS-elicited inhibition. Second, we studied the response in these neurons after episodes of increased synaptic inhibition that resulted from intracellular stimulation of a separate identified input. We stimulated a pyloric pacemaker neuron for inhibition of the PY neuron, for IC neuron inhibition we stimulated PY, and for VD inhibition we stimulated the LG neuron. The increased activity in the VD neuron was significantly greater after MCNS stimulation than after either hyper-polarizing current injection or LG neuron-mediated inhibition (P 5 0.01; Mann-Whitney ranked sum test; Fig. 10 ). In contrast, after MCNS stimulation, the enhanced IC neuron activity was comparable with that after activation of other sources of synaptic inhibition (P '-, 0.05), although it was stronger than that resulting from hyperpolarizing current injection (P 5 0.05; Mann-Whitney ranked sum test; Fig. 10 ). The increased PY neuron activity was the same whether it resulted from MCNS stimulation, direct hyperpolarization, or increased pacemaker neuron-mediated inhibition (P 2 0.05; Fig. 10 ).
The pyloric cycle frequency was increased significantly by activation of MCNS, regardless of whether or not the soyls were transected (Figs. 5 and 11 ) . In preparations with intact SOYLS, MCNS stimulation increased the mean pyloric cycle frequency from 1.07 t 0.04 Hz to 1.18 t 0.04 Hz ( yt = 80 stimulations from 34 preparations; P < 0.01, paired t-test). The MCNS-mediated increase in pyloric cycle frequency occurred at all cycle frequencies examined, from <0.5 Hz to > 1.5 Hz (Fig. 11) . Over most of this frequency range, MCNS stimulation caused a fixed absolute increase of -0.12 Hz (Fig. 11A) . This translated into a larger relative increase in cycle frequency when the control frequency was slow (Fig. 11 B) . At any given control cycle frequency, MCNS stimulation tended to elicit a larger increase in cycle frequency when the sons were transected (Fig. 11) .
All of these effects of MCNS activity on the pyloric network neurons resulted in significant changes in the motor pattern both during and immediately after MCNS stimulation. The extent of these changes depended largely on the strength of the rhythm before MCNS stimulation (e.g., Fig.  5 ), as well as on the MCNS firing frequency. To characterize the MCNS effects on the entire pyloric motor pattern, we measured phase relationships between the different pyloric neurons before, during, and after MCNS stimulation in preparations where the SOYLS remained intact (n = 14 preparations; Fig. 12 ).
During the pacemaker neuron phase of the MCNS-influenced pyloric rhythm, the mean fraction of the cycle during which the PD neuron was active remained at control values, but LPG activity was extended significantly (Fig. 12B ). Both the onset and offset of the IC and LP bursts were substantially delayed (Fig. 12B) , although the mean fraction of the cycle during which LP and IC were active did not change (P > 0.05, paired t-test). During this time, however, both the number of spikes per burst and the intraburst firing frequency were reduced significantly in LP and IC (Tables  1 and 2 ). During the final portion of the pyloric cycle, VD was silenced, and PY activity was truncated (Fig. 12B) . Enhanced activity in some pyloric neurons that occurs after termination of MCNS stimulation is specifically enhanced by MCNS activity. This enhanced response in the IC, VD, and PY neurons was compared with that following direct hyperpolarizing current injection or synaptic inhibition of these neurons by another STG neuron (see text for details). For each condition, data are plotted as the percent change in the mean number of spikes per burst for 10 cycles immediately after the experimentally elicited inhibition relative to the 10 cycles immediately before this inhibition. The nonparametric Mann-Whitney rank sum test was used to determine whether the response to either hyperpolarizing current injection or STG neuron-mediated inhibition was different from the response in the studied neurons that occurred after termination of MCNS stimulation. * *P < 0.0 1; *P < 0.05; n 2 8 for all conditions. Specifically, the onset of PY activity was delayed, and its offset was advanced, resulting in its firing for a substantially smaller fraction of the cycle (P 5 0.01, paired t-test).
The pyloric rhythm did not return immediately to the control pattern after MCN5 stimulation (Fig. 12C) . Instead, during the pacemaker portion of the cycle, LPG activity returned to the control pattern, but each PD burst was prolonged (P 5 0.05, paired t-test). The onset of LP and IC activity returned to control values, but their burst offset continued to differ from the prestimulus conditions. Here, the IC burst remained prolonged, but the LP burst now ended sooner than in control conditions. Finally, the onset of PY and VD activity was advanced, and VD offset was delayed.
Both PY and VD were active for a significantly larger fraction of each cycle when compared with control conditions (P 5 0.01 for both, paired t-test).
DISCUSSION
Pyloric rhythm modifications
We have identified a new modulatory projection neuron, MCNS, in C. borealis, whose activation elicits a distinct pyloric rhythm, and which produces a second, distinct rhythm after its activity has ended. MCN5 activity increases the pyloric cycle frequency by exciting the pyloric pace- Phase analysis of the pyloric motor pattern (A) before, (B) during, and (C) after MCN5 stimulation. The beginning and end of each box represents the mean onset and offset times (-+SE) of the impulse burst in the indicated neuron, expressed as a fraction of the pyloric cycle period. The pyloric cycle extends from the onset of a PD neuron burst to the onset of its next burst. Two consecutive, normalized pyloric cycles are shown. Results are pooled from 14 preparations.
For each neuron, the onset and offset of activity in B and C were compared with the equivalent point in A, using the paired Student's t-test. *P < 0.05; * * P < 0.01. M. maker neurons, and it reduces the activity level in all nonpacemaker pyloric neurons by inhibiting these neurons (Fig.  13) . The activity in several of these inhibited neurons is enhanced above their prestimulation levels once MCN5 activity is terminated, enabling them to produce stronger bursts for 2 10 subsequent cycles. Several of the previously characterized modulatory inputs also have long-lasting influences on the pyloric rhythm (Katz and Harris-Warrick 1990; Meyrand et al. 1994; Nagy and Dickinson 1983) .
The ability of MCN5 to increase the cycle frequency of both slow and fast pyloric rhythms distinguishes it from many previously studied pyloric modulators (Blitz et al. 1995; Katz and Harris-Warrick 1990; Nagy and Cardi 1994; Nagy and Dickinson 1983; Nusbaum and Marder 1989b; Weimann et al. 1993 ) . These inputs, which include several identified projection neurons and superfusion of several neuropeptides, enhance the pyloric cycle frequency of relatively slow rhythms ( < 1 Hz) but have little or no effect on faster rhythms ( > 1 Hz). For example, in both C. borealis and in the spiny lobster, Pam&us interruptus, bath application of the neuropeptide proctolin produces a maximal pyloric cycle frequency of 1 Hz (Hooper and Marder 1987; Nusbaum and Marder 1989b) . In both species, proctolin excites only one member (AB ) of the pyloric pacemaker ensemble. Hooper and Marder ( 1987) showed, in P. interruptus, that the unaffected pacemaker neurons slowed the rate of the AB neuron oscillations. When they applied proctolin after the additional pacemaker neurons were photoinactivated, the frequency of the AB oscillations increased significantly. In contrast, muscarinic agonists elicit a pyloric cycle frequency that is significantly faster than 1 Hz, and these agonists excite all members of the pacemaker ensemble (Bal et al. 1994; Marder and Weimann 1992) . Perhaps, then, MCN5 activation excites both slow and fast pyloric rhythms because it excites several, and perhaps all, of the pacemaker neurons. In some cases, bath application of a modulatory transmitter to the crab STG evokes a pyloric motor pattern that is comparable with the pattern resulting from stimulation of the projection neuron that contains the applied transmitter(s) (Katz and Harris-Warrick 1990; Nusbaum and Marder 1989b).
Although bath application of some modulatory transmitters to the STG does reduce the activity of some pyloric neurons (Harris-Warrick et al. 1992b; Skiebe and Schneider 1994) , the MCN5-mediated pyloric rhythm has not been mimicked by bath application of any single transmitter. We have yet to identify the transmitter ( s ) used by MCNS.
Different responses of electrically coupled neurons
Despite their electrical coupling, and their normally coactive pattern during ongoing pyloric rhythms, the three pyloric pacemaker neurons respond differently to MCN5 stimulation. The net result is an increased pyloric cycle frequency and an excitation of LPG that enables its rhythmic bursts to extend significantly longer than those in AB and PD. Additionally, MCN5 appears to have both inhibitory and excitatory effects on the PD neuron, resulting in no net change in its activity level during MCN5 stimulation, but producing increased PD neuron activity after this stimulation. The extent to which these different responses contribute to the altered pyloric motor pattern must await further studies. However, in P. interruptus, AB and PD also respond differently to common inputs, including activation of the inferior ventricular nerve projection neuron and bath application of dopamine (Flamm and Harris-War-rick 1986; Marder and Eisen 1984b) . In these cases the pyloric motor pattern is altered by the distinct shifts in the activity levels of AB and PD. For example, a large change occurs in the timing of the PY neuron burst. This results from the fact that AB is glutamatergic, whereas PD is cholinergic (Hooper et al. 1986; Marder 1987; Marder and Eisen 1984a) , and their inhibitory effects onto PY have distinct time courses (Eisen and Marder 1984) .
Functional implications of the MCNS-mediated rhythm
A pyloric rhythm like that elicited by MCN5 has also been recorded in vivo. Hermann and Dando ( 1977) showed that stimulation of a sensory input to the STNS elicits an MCNS-like pyloric motor pattern in the crab, Cancer pagurus. They found that stimulation of the posterior stomach nerve (psn), which projects to the COG, modified the pyloric rhythm so that the pyloric cycle frequency increased, rhythmic PD activity persisted, and LP and PY activity was reduced or eliminated. Extracellular recordings from a relatively intact spiny lobster also revealed a similar motor pattern (M. Boyle, personal communication). Hermann and Dando ( 1977) suggested that the resulting behavior, which presumably involves a prolonged dilation of the pylorus, enables relatively large pieces of food to pass caudally, through the pylorus. Alternatively, this behavior might facilitate the rostra1 movement of digestive juices secreted from the hepatopancreatic duct, located in the posterior wall of the pylorus, into the gastric mill and cardiac sac regions of the foregut (Johnson and Hooper 1992) .
A reduction in the number of actively participating pyloric neurons has been documented previously, in related species. Cazalets et al. ( 1990) showed that in the European lobster, Homarus gammarus, activity in the pyloric suppressor (PS ) neuron can elicit a pyloric motor pattern in which the only participating neurons are IC and VD. Individual pyloric neurons can also be selectively removed from an ongoing pylo-ric rhythm and have their activity shifted so that they instead participate in a different rhythmic motor pattern. For example, activation of a sensory pathway in the rock lobster, Palinurus vdgaris, causes a long-lasting suppression of the regenerative bursting properties of the VD neuron (Hooper and Moulins 1990; Hooper et al. 1990 ). As a result, VD no longer fires with the pyloric rhythm but is synaptically driven to burst with the cardiac sac rhythm. Although distinct pyloric rhythms are elicited in the crab by activation of several identified modulatory projection neurons, these other pathways alter the pyloric rhythm without reducing the number of active pyloric neurons (Coleman and Nusbaum 1994; Coleman et al. 1993; Katz and Harris-Warrick 1990; Nusbaum and Marder 1989a,b) .
Previously silent network neurons can also be selectively incorporated into operating networks in the stomatogastric system (Dickinson and Moulins 1992; Norris et al. 1994a; Weimann and Marder 1994) . The shifting of rhythmic motor output by the removal or addition of subsets of network neurons has also been documented in other rhythmically active systems (Arshavsky et al. 1985 (Arshavsky et al. , 1989 Bekoff et al. 1987; Berkowitz and Stein 1994; Getting 1989; Katz and Frost 1995; Sillar and Roberts 1993; Soffe 1993) . Thus motor pattern selection by modulatory projection neurons involves not simply reshaping the levels and timing of activity in neural network components, but also includes selecting which network components will participate in motor pattern generation.
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